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 CAPITULAR MORPHOLOGY IN PRIMATES AND FOSSILS: 3-D 
MEASUREMENTS OF THE CAPITULUM AND POSSIBLE IMPLICATIONS FOR 
RECONSTRUCTING LOCOMOTOR ADAPTATIONS IN FOSSIL PRIMATES 
Rob’yn Johnston 
Dr. Libby Cowgill, Thesis Supervisor 
ABSTRACT 
The changes in habitual posture associated locomotor behavior have well-documented 
effects on the skeleton. This paper focuses on the humeral capitulum, which is 
functionally significant in bipedal, quadrupedal, and knuckle-walking locomotion. Using 
a sample of 43 great apes, 59 cercopithecids, and 31 humans, 3D images were used to 
take measurements of the area, length, and angle of the capitulum to test if differences in 
joint area occurred with different locomotion patterns. The results were compared KNM-
ER 1504, KNM-ER 6020, KNM-ER 739, A.L. 228-1, SKX 10924, TM 1517 to 
determine if they could clearly be associated with a particular locomotor group. The 
results of this analysis indicate that the capitulum was significantly more anterior in 
humans than in other groups, which may be related to use of the elbow in non-locomotor 
activity. Distal capitular area and length measurements were larger for cercopithecids 
than for other groups, however proximal capitular length, proximal capitular area 
measurements, and approximations of shape were not significantly different. Fossil 
specimens were indistinguishable from human, great ape, and cercopithecid values using 
both angle and a discriminant function analysis of all measurements. While significant 
patterns were found within locomotor groups, these measurements do not appear to work 
to adequately distinguish locomotor patterns in fossil hominins. 
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Introduction 
Anthropoid primates differ in habitual forelimb postures during locomotion. 
Cercopithecids tend to move quadrupedally, using their forelimbs in a somewhat flexed 
posture with hands pronated to lie against the substrate (Fleagle 1977; Fleagle 1980; 
Mittermeier and Fleagle 1976; Morbeck 1977; Ripley 1967; Rose 1977; Schmitt 2003). 
African apes use terrestrial knuckle-walking and suspensory locomotion, where the 
forelimb is typically extended and includes wide ranges of pronation/supination (Cant 
1987; Doran 1989; Hunt 1992; Jenkins 1981; Rose 1993; Sugardjito and van Hooff 1986; 
Sarmiento 1985; Sugardjito 1982; Susman 1984; Susman et al. 1980; Tuttle and Watts 
1985). Humans do not use the forelimb for locomotion, but instead use the forelimb for 
manipulation of objects, generally with the elbows in a flexed position (Rose 1993).  
 These locomotor patterns are reflected in the joint morphology of the elbow. Joints 
are designed to resist habitual loads directed normal to the articular surfaces (Kapandji 
and Honoré 1970). Joints are partially modeled through loading, with areas under high 
stress slowing chondrogenesis and areas with less stress continuing to grow (Frost 1979; 
Frost 1990; Frost 1994; Frost 1999; Hamrick 1999a; Hamrick 1999b; Heegaard et al. 
1999; Carter and Beaupré 2001). Articular surfaces should therefore maximize joint 
contact areas during common locomotor postures (Burr et al. 1989; Drapeau 2008; 
Fleagle 1976; Fleagle 1977; Fleagle 1979; Fleagle and Meldrum 1988; Gebo and Sargis 
1994; Glassman 1983; Manaster 1975; McArdle 1981; Nakatsukasa 1994; Oxnard 1967; 
Rodman 1979; Ward and Sussman 1979; Washburn 1944; Yu et al. 1993). These 
assumptions are often used to infer the function of morphological differences in the 
capitulum.  
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Several features of the capitulum have been linked to differing locomotor patterns, 
including overall size, orientation, and shape of the capitulum.  Overall size variation in 
distal humeral joints has been related to different functional demands. Cercopithecids 
have large forelimb joints for body size when compared to hominoids (Schmitt 1999). 
This may be because crouched, flexed positions tend to exaggerate joint stresses by 
moving force further from the joint center, and the increased stress would result in a 
larger capitulum (Schmitt 1999). However, the increased joint size may also be related to 
resisting dislocation. Cercopithecid upper limb muscles produce transverse force across 
the elbow joint during terrestrial quadrupedalism (An et al. 1981; Schmitt 2003). This 
requires resistance to dislocation at both the humeroulnar and humeroradial joint 
(Corruccini et al. 1976; McHenry and Corruccini 1975; Szalay and Dagosto 1980).  
Relatively smaller caputulae are found in great apes and humans. Smaller capitular 
size in great apes as compared to cercopithecids may be due to the widening and 
deepening of the trochlea, which provides sufficient support against dislocation using 
only a single joint (McHenry and Corruccini 1975) (Figure 1). This would decrease 
weight transfer through the capitulum and result in a smaller capitulum. The human 
capitulum is smaller in absolute size than in other apes (Rose 1988). The articular 
surfaces of the distal humerus is larger in humans than apes when adjusted for body size 
(Lague 2003), which may mean the capitulum is also relatively larger. The exact cause of 
the human size difference has not been attributed to any particular function, but may be 
due to resisting dislocation like in cercopithecids.  
Overall orientation of the capitulum may also differ between locomotor groups. 
Drapeau et al.’s (2005) examination of the humeroulnar joint suggested that the  
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orientation of the ulnar notch varies between humans and great apes (Figure 1). In 
humans, the anteriorally-oriented ulnar notch may produce a more efficient lever arm for 
triceps brachii when the forearm is flexed at a 90 degree angle. Great apes have a more 
retroflexed olecranon that aids muscle efficiency during extension (Drapeau et al. 2005). 
These suggest that articular surface orientation may vary between these two groups. 
While Drapeau et al (2005) did not examine cercopithecids, they may follow the human 
pattern because of their use of flexed positions. It is unknown if the orientation of the 
radiohumeral joint also has adaptations to maximize effectiveness during flexed 
positions.  
Variation in height and width of the capitulum has been related to different postures 
during locomotion. For example, the cercopithecid capitulum has greater anteroposterior 
depth than proximodistal height (Rose 1988; Rose 1993)(Figure 1). This may allow 
greater force transfer and stabilization in pronated, semiflexed position by increasing 
anterior surface area. Flattening of the cercopithecid anterodistal surface should increase 
contact between the radial fovea and humerus when the elbow is partially flexed (Rose 
1988, Rose 1993). The hominoid capitulum, in contrast, is generally circular with 
approximately equal anteroposterior and proximodistal lengths. Capitulae with similar 
height and width are suggested to allow contact with a more rounded radial head through 
all ranges of flexion and extension rather than limiting joint stability to semiflexion (Rose 
1993). Finally, the human capitulum appears to be slightly taller than it is wide, and has 
been described as either proximodistally longer or mediolaterally narrower when 
compared to great apes (Corruccini et al. 1976; Lague and Jungers 1996; Sabo et al., 
2011; Senut 1980).  
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In addition to differences in size and angulation, different primate groups display 
unique morphological features of the distal humerus that increase joint contact during 
specific postures.  A unique feature of cercopithecids is the capitular tail. Rose (1988) 
described the capitular tail as an anterolateral extension along the proximal margin of the 
capitulum in cercopithecids (Figure 2, upper row). He argued that this uniquely derived 
feature of cercopithecids would increase joint contact when in flexed postures (Rose 
1988). In addition, the capitular tail could aid in resisting mediolaterally-directed forces 
during arboreal locomotion (Schön Ybarra 1998). Body weight is shifted during 
locomotion and balancing by pronator quadratus m. and supinator m., pushing weight to 
the ipsilateral and contralateral sides, respectively. These motions help maintain balance 
on a narrow horizontal substrate (Larson and Stern 2006). The lack of a capitular tail in 
apes has been related to pronation/supination throughout the range of flexion/extension 
(Rose 1988), as the tail would limit pronation and supination in a flexed position. 
However, it has not been established if the capitular tail increases the proximoanterior 
capitular surface area.  
Great apes also have a unique feature of the distal capitulum, which includes a more 
convex contour of the posterolateral margin of the capitular articular surface on the distal 
humerus in Pongo, which contrasts with a straighter margin in monkeys (Rose 1993) 
(Figure 2, lower row). This posterior extension of the capitulum in great apes is 
associated with a wide range of extension, but may be related to loading during extension 
rather than total extension range (Godfrey et al. 1991; Nakatsukasa and Kunimatsu 2009; 
Rose 1988; Rose 1993). Like the capitular tail, the extent to which this shape differences 
affects distal capitular surface area has not tested.  
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Given these well-documented qualitative differences among primates in capitular 
form, this study explores the extent to which articular distribution and orientation of the 
humeral capitulum reflects hypothesized adaptations to forelimb posture in anthropoids. 
Specifically, this research tests the following hypotheses and predictions: 
(1) Orientation of the capitular articular surface will vary between groups. Humans 
will have a more proximally oriented capitula than nonhuman hominoids given their 
reliance on forelimb use during flexed postures.  Cercopithecids will also have a more 
anteriorly oriented capitulum due to greater reliance on flexed forelimb postures. Great 
apes will have a more distally oriented capitulum because of greater reliance on extended 
forelimbs during locomotion. 
(2) Capitular area distributions will vary among groups. Great apes will have a more 
distal articular surface area due to their reliance on extended forelimbs during 
locomotion. Humans will have more proximal capitular articular surface than great apes 
due to more use of the elbow in flexed positions. Cercopithecids will have more proximal 
articular surface area due to the capitular tail.  
(3) There will be proximal and distal shape differences among groups. 
Cercopithecids will have different proximal shape because of the lengthened proximal 
capitular surface and capitular tail. Great apes will have different distal shape because of 
their distal area expansion. Finally, humans will have intermediate shape because of their 
slight elliptical shape, lack of capitular tail, and expanded distal area.  
I then apply these results to the analysis of early fossil hominin humeri to test if this 
method can be used to estimate their locomotor group. I predict that this selection of 
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Australopithecus, Paranthropus, and early Homo fossils will most closely resembles that 
of humans, given their reliance on habitual bipedality. 
Methods and Materials 
Materials 
Humeri of 131 anthropoids from 10 species were included in this study (Table 1). 
All were fully adult as judged by epiphyseal fusion and free from obvious pathologies. 
All nonhuman specimens were wild-shot except for Theropithecus gelada. All taxa are 
represented by roughly equal numbers of both males and females. The exceptions are T. 
gelada and Procolobus badius, where there are more females and very few males. Fossil 
specimens included in analysis are pictured in Figure 2, in order to illustrate potential 
damage and extent of available shaft.  
Several fossil specimens were also included in this analysis (Figure 2). While only a 
subset of fossils have been digitally scanned for use in this analysis, a variety of hominin 
taxa could be used. The specimes are: AL 288-1, Australopithecus afarensis (Johanson et 
al. 1982), also known as Lucy, dating to 3.2mya; for TM 1517, the type specimen of 
Paranthropus robustus (Broom 1938), dating to 2 mya; KNM-ER 1504, assigned to early 
Homo (Lague and Jungers 1996), dating to 1.9mya; KNM-ER 6020, undetermined 
species (Leakey and Walker 1985), dated to 1.8mya; KNM-ER 739, most likely a 
member of early Homo (Lague and Jungers 1996), dated to 1.5mya; and SKX 10924, 
either assigned to Paranthropus or early Homo, (McHenry and Brown 2008; Susman et 
al. 2001), dating to 1mya.  
Humeri were scanned using a Konica Minolta Vivid 3D (Konica Minolta, Ramsay, 
New Jersey) laser scanner by Dr. J. Michael Plavcan. Large specimens were scanned with  
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Table 1: Taxa included in the analytical groups. Institutions are American Museum of Natural History 
(AMNH), United States National Museum (USNM), National Museums of Kenya (KNM), Royal Museum 
for Central Africa (MRAC), University of Zurich (UZIA), Cleveland Museum of Natural History (CMNH), 
Powell Cotton Museum (PCM) and Field Museum of Natural History (FMNH).   
 
a standard lens, and small ones with a telephoto lens. Where allowed, specimens were 
coated with a thin layer of talc. Specimens were initially aligned using the Konica 
Minolta proprietary software Polygon Editing Tool. Specimens were subsequently 
aligned, meshed and the final models cleaned using Polyworks software (Innovmetric, 
Quebec City, Quebec). Polyworks was also used for data collection.  
Methods 
Measurements were designed to capture capitular orientation and extent of the 
joint surface. Five measurements taken from the capitulum: capitular angle, proximal 
capitular area, distal capitular area, proximal capitular length, and distal length. A series  
 
Analytical Group  Instiution # Male Female 
Great Apes Gorilla gorilla gorilla CMNH 14 6 8 
(n=43) Pan paniscus MRAC 9 4 5 
 Pan troglodytes CMNH 11 5 6 
 Pongo pygmaeus CMNH 10 2 8 
Humans (n=31) Homo sapiens CMNH, NMNH 31 14 17 
Cercopithecids Colobus guereza KNM 16 7 9 
(n=59) Cercopithecus albogularis KNM 9 5 4 
 Papio cynocephalus USNM, KNM 8 5 3 
 Procolobus badius PCM 14 1 13 
 Theropithecus gelada UZIA 13 1 12 
10 
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of planes and vectors were set to the polygonal models using Polyworks to take these 
measurements. 
Each humerus was measured 
using three planes. The coronal plane 
was defined using three points:  (1) the 
most proximal point on the humeral 
head, (2) distal-most point on the 
capitulum, and (3) distalmost point on 
trochlea (Figure 3). The sagittal plane 
was set through the mediolateral 
midline of the capitulum at 90° to the 
coronal plane.   
The transverse plane dividing the 
capitulum into proximal and distal halves was set orthogonal to both coronal and sagittal 
planes, halfway between the most proximal and distal points of the capitulum (Figure 4-
5).  
The capitular angle is defined as the orientation of the capitular surface compared 
to the coronal plane. To measure orientation of the capitular articular surface, a capitular 
vector is defined between the most proximal extent of the subchondral bone on the 
capitulum and the most posterior point along the distal margin of subchondral bone 
(Figure 6). The vector connecting these points is then constrained to the sagittal plane; 
the angle between the capitular vector and the coronal plane measured using the Measure 
Angle feature of Polyworks. 
Figure 4: 3D in silico polygonal model showing the 
planes dividing the distal humerus of a 
representative Cercopithecus albugolaris. Anterior 
view. Note the transverse plane dividing the 
capitulum into proximal and distal segments.  
12 
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Length and area of the articular surface were also taken in Polyworks. Proximal 
capitular area is defined as subchondral articular surface proximal to the transverse plane. 
Distal capitular area is defined as subchondal articular surface distal to the transverse 
plane. (Fig. 7). Proximal capitular length is defined 
as arc length of the subchondral articular surface proximal to the transverse plane, 
following the orientation of the sagittal plane. Distal capitular length is defined as arc 
length of the subchondral articular surface distal to the transverse plane, following the 
orientation of the sagittal plane (Fig 
6).  
Shape was defined using the 
comparison of length to area. 
Proximal capitular shape was the 
comparison of proximal capitular 
length to proximal capitular area. 
Distal capitular shape was the 
comparison of distal capitular length 
to distal capitular area.  
Figure 6: 3D in silico polygonal models showing capitular 
angle. As calculated on a representative Cercopithecus 
albugolaris. Lateral view on left. Distal view on right. Dot 
on right indicates point used for capitular vector. 
14 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7: 3D in silico polygonal models showing proximal (A) and distal (B) capitular length 
measurement. Left is anterior view, right is distal view. Measured on a representative Cercopithecus 
albugolaris 
Proximal Length Distal Length A B 
Figure 8: 3D in silico polygonal models showing proximal (A) and distal (B) area measurement. 
Left is anterior view, right is distal view. Measured on a representative Cercopithecus albugolaris 
Proximal Area Distal Area A B 
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Data Estimation from Incomplete Specimens 
The two planes used to quantify capitular morphology in this study require whole 
bones, which are not available on any fossil specimens under consideration. To establish 
these planes on partial bones, the coronal plane was instead anchored on the anterior shaft 
at two different locations instead of the humeral head (Figure 9). The 25% of shaft height 
was chosen because it was approximately present on all the fossil specimens.  50% of 
shaft height was chosen because it was the highest approximate point present on a fossil 
specimen. The two points for the distal end of the plane were kept the same for all three 
planes.   
The partial planes reliably estimate the relative angle of the articular surface. 
Correlations between the angles based on the 50% of shaft and original whole-humerus 
plane, as well as 25% of shaft and whole-humerus plane were both significant. Pearson’s 
correlation coefficients also suggests that partial measurements strongly reflect the whole 
measurement (Table 4). 50% of shaft approximates modern humans and great apes very 
well (Fig. 10). The distal 25% measurement is more problematic and overestimates the 
angle in modern humans and great apes (Fig. 11).  
Reference  Versus 50% of shaft Versus 25% of shaft 
Coronal plane  
using whole bone 
Pearson Correlation 0.812* 0.818* 
Sig. (2-tailed) <0.001 <0.001 
Standard Error of Estimate 0.051 0.049 
  
 
 
Table 2: Correlations for each of the partial coronal planes versus the original, whole-bone measurement. 
Asterisks represent significance of p<0.001. 
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Figure 9: 3D in silico polygonal models showing whole-bone coronal plane and each of the partial 
planes on a Cercopithecus albugolaris. Medial view.  A shows plane set at 25% of shaft height 
compared to coronal plane. B shows plane set at 50% of shaft height. The same procedure was used for 
distal points on both specimens.  
A B 
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Cercopithecids are systematically underestimated by both partial coronal planes 
(Fig. 10-11). This is most likely due to their distinct anterior curvature (e.g. Fig. 9), 
which is not found in hominoids. These results mean that fossils will be analyzed based 
on the higher point available on the shaft, with preference given to midshaft 
measurements.  
The fossil-specific planes were used to estimate length, area, and angle. The 
coronal plane was set as described at 25% of shaft length. The same procedure for whole 
bones was used to set sagittal and transverse planes. Two (KNM-ER 739 and AL 288-1) 
possessed enough shaft to have a plane set at 50% of shaft length. This plane was used to 
repeat the capitular angle measurement. Several specimens were slightly battered, which 
may affect the results (for examples see Figure 3). A geometric mean containing only the 
distal humerus and shaft measurements was used a proxy for size, and the fossil specimen 
length and area measurements were standardized by size. The fossils were classified 
using a discriminant function analysis using R package MASS (Venables and Ripley, 
2002).  The discriminant function analysis predicted which taxonomic group 
(cercopithecids, great apes, and modern humans) the fossil specimens showed the most 
similarity.  
The specimens used in this study required an estimate of body size. No data on 
individual body mass was available. Instead, a geometric mean of four measurements was 
used to as a proxy for size.  Measurement used included the maximum width of the 
anterior portion of the distal articular surface; the anteroposterior diameter of the 
diaphysis at the distal 25% of diaphysis length; the mediolateral diameter of the diaphysis 
at the distal 25% of specimen length; and humeral head diameter, which was calculated 
18 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10: Graph of angles created using the coronal plane set at 50% of shaft versus angle 
measured using the original, whole-bone coronal plane. The line is x=y, where the partial 
measurements exactly equal the whole measurements.  
Figure 11: Graph of angles created using the coronal plane set at 25% of shaft versus angle 
measured using the original, whole-bone coronal plane. The line is x=y, where the partial 
measurements exactly equal the whole measurements.  
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as the average of two cords taken perpendicular to the greater and lesser tubercles 
following Jungers (1988).  
The length, area, and angle measurements are novel, so a repeatability study was 
also undertaken. 20 individuals were measured two additional times to determine the 
precision of the measurements. Average error between measurements was 5% for 
proximal capitular length, distal length, and proximal capitular area. Distal capitular area 
was slightly higher at 10% error, but median error was only 4.7%, suggesting several 
individuals with indistinct distal capitular edges are driving the higher error rate for this 
measurement. Capitular angle error was 7%. This is much higher than other studies that 
have used in silico models of the hip (e.g. Hammond et al 2013). This high error rate is 
probably due to the edges of the capitular surface being difficult to consistently 
determine. It does suggest that the results determined here will underestimate differences 
between groups, making the method extremely conservative.  
Statistical Methods 
Capitular angle was compared among groups using single-factor ANOVA 
analyses and Tukey-Kramer’s HSD. Before analysis, all angular data were tested for 
sexual dimorphism using Mann-Whitney U tests between males and females.  As no 
significant sexual dimorphism was found in any measure, males and females were 
grouped.   
Area, length, and shape differences were tested by using reduced major axis lines and 
residuals. First, the square root of each area dimension was taken to make equivalent 
units to linear measurements. The data were logged, then reduced major axis lines were 
to each group and plotted using statistical program R 2.15.1 (R Foundation 2014) and 
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statistical package SMATR (Warton et al 2012). All measurements were tested for 
allometry. For each individual measurement, the three analytical groups were tested for 
similarities with each other using Student’s t-tests (Table 3). Distributions with similar 
slopes and intercepts (p>.05) were combined (Table 4).   
 Group Slope (+/- 95% CI) Intercept (+/- 95% CI) R2 
Distal 
Capitular 
Area 
  
  
Humans 1.230 (0.979 - 1.547) -0.539 (-0.945 - -0.133) 0.634 
Great Apes 1.108 (0.968 - 1.269) -0.368 (-0.594 - -0.143) 0.813 
Cercopithecids 1.464 (1.320 - 1.624)  -0.726 (-0.906 - -0.545) 0.846 
Proximal 
Capitular 
Area 
  
  
Humans 1.222 (0.909 - 1.644) -0.566 (-1.092 - 0.040 0.373 
Great Apes 0.872 (0.742 - 1.025) -0.097 (-0.308 - 0.114) 0.731 
Cercopithecids 1.213 (1.085 - 1.356)  -0.478 (-0.639 - -0.318) 0.823 
Distal 
Capitular 
Length 
  
  
Humans 1.349 (1.050 - 1.732) -0.637 (-1.124 - -0.149) 0.557 
Great Apes 1.203 (1.010 - 1.434) -0.413 (-0.731 - -0.096) 0.687 
Cercopithecids 1.619 (1.406 - 1.864) -0.788 (-1.059 - -0.516) 0.716 
Proximal 
Capitular 
Length 
  
  
Humans 1.652 (1.192 - 2.290) -1.181 (-1.967 - -0.395) 0.233 
Great Apes 0.878 (0.701 - 1.101) -0.109 (-0.408 - 0.191) 0.479 
Cercopithecids 1.611 (1.401 -1.853) -0.989 (-1.257 - -0.721)  0.720 
Distal 
Capitular 
Shape 
  
Humans 0.912 (0.737 - 1.130) 0.042 (-0.213 - 0.296)  0.678 
Great Apes 0.921 (0.810 - 1.047) 0.012 (-0.152 - 0.177) 0.834 
Cercopithecids 0.904 (0.805 - 1.016) -0.014 (-0.134 - 0.106) 0.807 
Proximal 
Capitular 
Shape 
  
  
Humans 0.740 (0.576 – 0.951) 0.308 (0.086 -0.530) 0.554 
Great Apes 0.992 (0.852 – 0.156)  0.011 (-0.173 – 0.194) 0.764 
Cercopithecids 0.753 (0.678 - 0.836)  0.266 (0.193 - 0.340) 0.842 
 Table 3: Statistics for RMA lines calculated for each individual analytical group. 
21 
 
   Group Slope (+/- 95% CI) Interc (+/- 95% CI) R2 
Distal Capitular 
Area 
Humans / Great Ape 1.108 (1.004 - 1.224) -0.367 (-0.529 - -0.205) 0.821 
  Cercopithecids 1.464 (1.320 - 1.624) -0.726 (-0.906 - -0.545) 0.847 
Proximal 
Capitular Area 
Humans / 
Cercopithecids 
0.983 (0.926 - -1.045) -0.212 (-0.288 - 0.136) 0.918 
  Great Apes 0.872 (0.742 - 1.025) -0.097 (-0.308 - 0.114) 0.737 
Distal Capitular 
Length 
Human  / Great 
Apes 
1.261 (1.116 - 1.426) 
-0.505 (-0.732 -  - 
0.277) 
0.727 
  Cercopithecids 1.619 (1.406 - 1.864) -0.788 (-1.059 - -0.516) 0.716 
Proximal 
Capitular Length 
Humans / 
Cercopithecids 
1.207 (1.114 - 1.306)  -0.521 (-0.644 - -0.398) 0.859 
  Great Apes 0.879 (0.701 - 1.101) -0.109 (-0.408 -  0.191) 0.480 
Distal capitular 
shape 
All 1.042 (0.988 - 1.098) -0.154 (-0.223 - -0.085) 0.907 
Proximal 
capitular shape 
Humans / 
Cercopithecids 
0.815 (0.769 - 0.864) 0.212 (0.164 - 0.261) 0.925 
 Great Apes 0.992 (0.852 - 1.156) 0.011 (-0.173 - 0.194) 0.764 
 Table 4: Statistics for RMA lines calculated for combined analytical groups.  
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Results 
The first hypothesis was that humans should have a more proximally oriented 
capitulum than nonhuman hominoids given their reliance on forelimb use during flexed 
postures. The results suggest that modern humans have more anteriorly oriented capitula 
than hominoids or cercopithecids (Figure 12, Table 5). Single factor ANOVA showed 
significant differences among humans, cercopithecids, and great apes. Post-hoc Tukey-
Kramer’s HSD tests show that cercopithecids and great apes are equivalent, and that 
humans had a significantly smaller distal angle. I fail to reject the hypothesis that human 
capitula are more anteriorly oriented. In addition, I also fail to reject the hypothesis that 
cercopithecids should have a more anteriorly oriented capitulum than great apes.  
Capitular angle using whole coronal plane 
Analytical Group Minimum Maximum Mean Std. Error of Mean Std. Deviation 
Humans 9.8 29.8 17.3 1.1 9.8 
Cercopithecids 10.1 38.9 27.4 0.7 5.1 
Great Apes 16.0 40.3 26.4 0.9 6.0 
 
The second hypothesis was that area differences would be present between 
groups. I fail to reject this hypothesis. Proximal capitular area was predicted to be largest 
in cercopithecids because of the capitular tail. The RMA lines suggest that cercopithecids 
and humans are statistically similar (Table 3). This grouped distribution has a steeper 
slope than the great ape line (Table 4, Figure 13). This suggests that modern humans and 
cercopithecids have a proximal capitular area that is increasing more rapidly with body 
size. The residuals suggests that there is no difference in overall proximal capitular length 
measurements for this sample (p=0.340).  
Table 5: Descriptive statistics for the capitular angle measured using the whole coronal plane.   
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Distal capitular area was predicted to be largest in great apes. T-tests suggested 
that humans were statistically similar to great apes (Figure 14, Table 3). The residual 
plots, however, do not support the idea that great apes and humans have the largest distal 
length. Instead, cercopithecids have positive residuals relative to the great ape and human 
distributions (p<0.001), suggesting their distal area is larger than that of great apes and 
humans. 
Proximal capitular length was predicted to be largest for cercopithecids and 
humans. The RMA lines suggest that cercopithecids and humans are statistically similar 
(Table 3). The grouped distribution of cercopithecids and humans has a steeper slope than 
Figure 12: Capitular angle results for the three locomotor groups using the whole coronal plane. For 
statistics, see table 5. 
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Figure 13: Proximal capitular area of the capitular articular surface for the combined analytical groups 
versus size. For statistics, see table 3.  
Figure 14: Distal capitular area of the capitular articular sruface for the combined analytical groups 
versus size. For statistics, see table 3.  
25 
 
the great ape line (Figure 15). This suggests that modern humans and cercopithecids have 
a proximal capitular length that is increasing more rapidly with body size. However, the 
residuals suggests that there is no difference in overall proximal capitular length 
measurements for this sample (p=0.340).  
Distal length was predicted to be the largest for great apes. T-tests suggested that 
humans were statistically identical in slope to great apes (Table 3), and cercopithecids 
had a steeper slope than either of the other groups (Figure 16). The residual plots, 
however, do not support the idea that great apes and humans have the largest distal 
length. Instead, cercopithecids have positive residuals relative to the great ape and human 
distributions, suggesting their distal length is larger than that of great apes and humans 
(p<0.001).  
Articular shape (defined as length versus area) was also predicted to have 
differences. Great apes were predicted to have different distal shape because of their 
distal area expansion. However, all of the groups had statistically similar slopes and 
intercepts, suggesting no overall shape differences between groups (Figure 17).  
It was also predicted that cercopithecids will have different proximal shape 
because of the capitular tail. T-tests suggested that humans were statistically identical in 
slope to cercopithecids (Table 3), and cercopithecids and humans had a steeper slope than 
the great apes groups (Figure 18). The residual plots, however, do not support the idea 
that great apes and humans have the largest distal length. Residuals showed no significant 
difference between the two distributions (p>0.05), therefore no significant shape 
differences were present.  
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Figure 15: Proximal capitular length of the capitular surface for the combined analytical groups 
versus size. For statistics, see table 3.  
Figure 16: Distal capitular length of the capitular articular surface for the combined analytical 
groups versus size. For statistics, see table 5.  
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Figure 17: Proximal capitular shape of the capitular articular surface for the combined analytical 
groups. For statistics, see table 3.  
Figure 18: Distal capitular shape of the capitular articular surface for the combined analytical 
groups. For statistics, see table 3.  
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The fossil specimens were expected to have capitular angles similar to the human 
distributions. The majority of the fossils fell within the hominoid/cercopithecid 
distribution and the higher end of the human distribution (Figure 18, Tables 6,8). When 
KNM-ER 739 and A.L. 288-1 is measured at 50% of shaft, they also fall within the 
overlap of the great ape and modern human distributions (Figure 19, Table 6-7).  
Specimen 
Capitular angle using coronal 
plane set at  50% of shaft 
Capitular angle using coronal 
plane set at 25% of shaft 
KNM-ER 1504  23 
KNM-ER 6020  18.1 
KNM-ER 739 20 23.3 
A.L. 288-1 23.4 24.8 
SKX 10924  26.2 
TM 1571  25.3 
 
 
Capitular angle using coronal plane measured from 50% of shaft 
Analytical Group Minimum Maximum 
Mean  
+/- 95% CI 
Std. Error of 
Mean 
Std. Deviation 
Humans 3.8 30.4 15.6 (2.1-29.1) 1.2 6.6 
Cercopithecids 5.6 37.7 21.5 (7.2-35.7) 0.8 5.7 
Great Apes 11.9 47.1 26.3 (14.8-37.7) 1.1 7.1 
 
 
Table 6: Angles (degrees) of fossil specimens measured using coronal planes set at 50% of shaft 
and 25% of shaft.  
Table 7: Descriptive statistics for the capitular angle measured using the 50% of shaft.   
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Capitular angle using coronal plane measured from 25% of shaft 
Analytical Group Minimum Maximum 
Mean  
+/- 95% CI 
Std. Error of  
Mean 
Std. Deviation 
Humans 5.9 33.8 18.7 (5.2-32.1) 1.2 6.6 
Cercopithecids 10.0 36.6 24.7 (11.1-39.6) 0.7 5.4 
Great Apes 16.7 49.1 28.8 (17.9-38.3) 1.0 6.8 
 
The fossil specimens were also tested for group membership using the 
discriminant function analysis. The goal was to see how well these measurements 
discriminated between extant groups when combined. The results of the DFA suggest 
that an extant individual is correctly classified 71% of the time. The classification of 
fossil specimens were not significant for all but one comparison (Table 9). The only 
significant result for the fossil specimens was KNM-ER 1504. KNM-ER 1504 was 
significantly excluded as a member of the cercopithecid distribution. 
Discussion 
 Predictions for this study generated from qualitative descriptions suggested that 
there would be many differences between different taxa. However, these differences were 
not nearly as distinctly quantified as initially expected.  
Capitular angle predicted that humans and cercopithecids would have the most 
anterior orientation. Humans were distinguished by their smaller capitular angle relative 
to hominoids and cercopithecids, suggesting a more anteriorly facing capitular articular 
Table 8: Descriptive statistics for the capitular angle measured using the distal 25% of shaft.   
30 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 19: Fossil comparison to the extant species. The proximal coronal plane is anchored at 25% of shaft 
height.  
Figure 20: Comparison of KNM-ER 739 and A.L 288-1 to the measurement of extant species. 
The proximal coronal plane is anchored at 50% of shaft height.  
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Specimen P (Human) P (Great Ape) P (Cercopithecid) 
KNM-ER 1504 0.574 0.423 0.003* 
KNM-ER 6020 0.378 0.425 0.197 
KNM-ER 739 0.528 0.327 0.144 
A.L. 288-1 0.170 0.630 0.120 
SKX 10924 0.385 0.518 0.096 
TM 1517 0.286 0.659 0.055 
 
 
surface. This observation supports Drapeau et al. (2005), who concluded that differences 
in elbow flexion during loading were reflected in differences in ulnar orientation and 
therefore joint orientation. A more anterior-facing capitulum may allow for better joint 
contact during loading in a slightly flexed position, versus the extended position of great 
apes and the tightly flexed loading positions of cercopithecids.  
In contrast, cercopithecid capitula were not more anteriorly oriented than great 
ape capitula. Instead, cercopithecids and great apes were similar in the angle of the 
articular surface angle. This may be because of because quadrupedal locomotion still 
requires a large range of extension (Nakatsukasa and Kunimatsu 2009) despite not being 
subject to maximum loading in that position. It may also be that great apes use flexed 
elbow positions throughout manipulation.  
The capitular area results may be explained by overall capitular size differences 
noted in the literature. Other researchers have noted that cercopithecids have larger 
capitulate in general (Schmitt 1999), and this analysis supports that, finding larger 
Table 9: Results from DFA of fossil specimens versus extant specimens. Posterior probabilities are 
reported for each fossil specimen.  
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proximal and distal capitular areas when cercopithecids are compared to great apes.   
Modern humans were similar to great apes in distal capitular area, but larger than great 
apes in proximal capitular area. These results are in agreement with a study by Sabo et al. 
(2011), who noted that the human capitulum is slightly more elliptical. An expansion in 
capitular height would make humans more similar in proximal measurements to 
cercopithecids. Humans having similar distal capitular area to apes but a larger proximal 
capitular area may mean their capitulum is larger in overall size. Larger capitula in 
humans may be supported by the observation that their distal humerus is larger in relative 
size than great apes (Lague 2003). While humans are not loading their capitulum during 
locomotion like great apes, perhaps the increase in height is due to a need for stability 
during flexion.  
Cercopithecids were expected to have more extensive proximal measurements 
than great apes due to the capitular tail. Cercopithecids and humans scaled with a steeper 
slope in proximal measurements than apes, but the overall differences in elevation were 
non-significant. This suggests that the capitular tail, which is not present in humans, does 
not expand proximal capitular area. The capitular tail may instead be serving as a shape 
change to increase contact with the radial head during flexion (Rose 1988, Rose 1993) 
rather than specifically increasing surface area. The differences in scaling relationship 
between the combined cercopithecid and human distribution relative to the great ape 
distribution supports the idea that proximal capitular area may increase more rapidly in 
species that use flexed postures. However, testing this hypothesis would require larger-
bodied taxa that use flexed postures than were available for this study.  
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Great apes did not have more distal capitular area than cercopithecids, contrary to 
expectations. Instead, distal capitular area is largest in cercopithecids. This may suggest 
that cercopithecids are placing more load on their distal capitular areas than previously 
suggested, perhaps while bending their elbow to mitigate force during locomotion 
(Larson and Stern 2006). It may also be related to cercopithecids having larger capitulae 
overall (Schmitt 1999). Cercopithecids are loading their humeroradial joint more than 
great apes (McHenry and Corruccini 1975). This may be because quadrupedal 
locomotion still requires a large range of extension (Nakatsukasa and Kunimatsu 2009), 
and because cercopithecid capitula are larger in general to support the increased force 
transfer (Schmitt 1999). The posterior extension of the capitulum and lateral curvature of 
the capitular articular surface in great apes does not appear to increase capitular articular 
surface area or length relative to cercopithecids.  
Great apes were predicted to have different distal shape, but instead all groups had 
similar distal shapes. Cercopithecids also were predicted to have different proximal 
shape, but instead no differences in shape were found. This could be due to the 
measurement of length. Since length was measured at the proximodistal midline, it may 
be missing lateral shape changes that result in equivalent areas. For example, if the 
cercopithecid capitular tail increases area in the proximolateral side, but the capitular 
articular surface narrows below the capitular tail, this could lead to similar shape 
measurements as a human with a more straight lateral edge. Future examinations of this 
topic should focus on using different nonlinear measurements to quantify shape.  
The capitular angle of fossil hominids were inconclusive. Humans had a unique 
anterior orientation of the capitulum, whereas great apes and cercopithecids were much 
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more distally oriented. The capitular angle of the fossil specimens fell in the range of 
overlap between the great ape/cercopithecid and the human distributions. The difficulty 
in this analysis is the wide range of each distribution means that power between the 
distributions is very low.  
The discriminant function analysis could not separate fossil specimens. It was 
expected that the differences in proximal and distal capitular area, proximal and distal 
capitular length, and capitular angle would classify the fossil specimens as bipeds. 
Instead, there was only one significant result. KNM-ER 1504 was significantly not 
classified as a cercopithecid. Since not all measurements separated groups as 
hypothesized, this may make classifying fossil specimens more difficult. The error noted 
may also be increasing the range of each group’s measurements; this would mean it is 
more difficult to accurately classify a single specimen. This suggests that the current 
measurements do not serve to adequately separate the included taxa and allow a 
predictive model for fossil specimens.  
Future directions should focus on increasing sample size for the variety of taxa 
and locomotor repertoires available. It would be interesting to add taxa who use vertical 
clinging and leaping or brachiation, whose elbow joints are subjected to different 
directions of stress and load their elbow in different postures.  
The locomotion of humans, great apes, and cercopithecids presented here are 
simplifications of a wide range of variation. For example, terrestrial quadrupeds locomote 
with less flexed elbows than arboreal quadrupeds (Jungers and Burr 1994) and Pongo 
relies much more on suspension and less on terrestrial locomotion than does Gorilla. 
Wide variation in locomotor repertoires within an analytical group may be adding to 
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intragroup variation. Primary locomotor modes within a taxon are notoriously difficult to 
quantify (Szalay and Dagosto 1980) since each taxon may use a variety of locomotor 
behaviors at different frequencies and at different phases of the life cycle. Separating the 
generalized locomotor patterns used here into individual taxa may help narrow the 
variation. Increasing each sample’s size would allow each taxon to be analyzed 
separately and reduce the variation within each analytical group.  
Individual taxa could also help separate variation that is related to phylogenetic 
relatedness. In addition, expanding the ape sample to include lesser apes would increase 
the range of body sizes for this category. This could establish that the differences found 
between great apes and cercopithecids by extending the range of the RMA lines. This 
would allow more confident estimations in the overlaps between analytical groups. 
Large-bodied fossil quadrupeds could also aid in pinpointing size-related scaling by 
extending the quadruped scaling relationship into the chimpanzee or human body size 
range.  
The measurements tested here show that the well-documented features of the 
capitulum have quantitative merit. 3D models show promise as an analytical tool to help 
better quantify the literature descriptions, but that the overall differences were not 
sufficient to classify the current tested specimens. Future work refining the measurements 
and approaches used here may be helpful in better utilizing the capitulum for locomotor 
reconstructions.  
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